Various isoforms of sarco(endo)plasmic reticulum Ca 2+ -ATPase (SERCA) regulate Ca 2+ homeostatic balance in both the heart (SERCA2a) and skeletal muscle (SERCA1a). Ca 2+ plays a key role in these tissues as an intracellular signal that controls contractility. Due to its key role in the contractility cycle, SERCA is emerging as a promising pharmacological target to modulate heart muscle function. SERCA function is regulated by its endogenous inhibitor phospholamban (PLN). Upon binding, PLN decreases SERCA's apparent affinity for Ca
Introduction
The sarco(endo)plasmic reticulum Ca 2+ ATPase (SERCA) is a membrane protein that translocates Ca 2+ ions from the cytosol to the lumen, initiating cardiac muscle relaxation. 1-4 Phospholamban (PLN), a single-pass membrane protein, co-localizes with SERCA in the cardiac sarcoplasmic reticulum, 5 interacting with the ATPase in both cytoplasmic 6 and transmembrane 7 domains and regulating Ca 2+ flux. fundamental requirements for understanding muscle physiology and pathophysiology as well providing an opportunity for the development of new drugs to counteract heart muscle dysfunctions via this regulatory pathway. 9 Although SERCA as an ATPase, it does not produce a phosphorylated substrate, [10] [11] [12] [13] suggesting that assays that directly monitor the consumption of ATP or production of ADP would be desirable for developing an assay for SERCA activity. One approach is to quantify ATP consumption using a chemiluminescent assay, in which luciferin and luciferase are added after a predetermined reaction time to consume the residual ATP and generate light. 14, 15 A major drawback of this method is that at least 20% to 30% ATP consumption is necessary to reach the desired detection window. 16 However, from the Michaelis-Menten equation V max is only obtained when the concentration of ATP is much higher than K m , and therefore ATP consumption is too little to be determined accurately using this method. 17 Other reported approaches for monitoring SERCA activity include monitoring production of pyrophosphate 18 or translocation of 45 Ca 2+ into microsomes. 19 Alternatively, ADP production generated by the ATPase can be detected to measure the enzyme's activity.
Traditionally, a coupled enzyme assay involving a pyruvate kinase (PK) and lactate dehydrogenase (LDH) has been used to detect ADP in a continuous mode. [20] [21] [22] [23] [24] [25] Phosphoenolpyruvic acid (PEP) is first converted to pyruvate, which is then hydrogenated to form lactate, and which is coupled with the dehydrogenation of NADH to NAD + . The decrease of NADH is monitored using UV-Vis absorbance at 340 nm to estimate the rate of the enzyme reaction.
Although widely applied in kinase and ATPase assays, this method has several disadvantages. For example, the detection is based on UV, which has relatively low sensitivity; the method requires large amounts of both enzyme and ATP; and sometimes it suffers from emission overlap between NADH and other reagents or NADH decomposition. 26 Other assays have been developed to overcome these drawbacks. For example, an improved coupled enzyme reaction used PK, pyruvate oxidase, and horseradish peroxidase to detect ADP via fluorescence, which avoided UV detection interference. 16 In an alternative approach, a dithio-coupled kinase or ATPase assay was developed with a ATPβS (sulfur on the β-phosphorous) substrate replacing ATP. Dithiol reagents such as DSSA and DTNB were used to react with the ADPβS product, and absorbance or fluorescence was detected in a continuous mode. 27 Assay sensitivity was improved by using fluorescence or reagents with higher extinction coefficients.
Unfortunately, the labeled substrate ATPβS is not commercially available. Moreover, all these assays targeting ADP production employed multiple reagents and coupled reactions. These indirect detection methods raise the possibility of nonspecific interactions between inhibitor/screening drug and detection mixtures. In addition, assay validation is Jing -3.
necessary in order to report enzyme reaction rate accurately and confirm that the coupled enzyme reactions or dithio labeling reactions are not rate-limiting.
In this manuscript, we report the development of a highly sensitive SERCA activity assay using TR-FRET detection. This immunoassay is based on the Transcreener ® platform, whose key component, an ADP specific antibody, directly binds the product of the SERCA reaction, eliminating coupled enzyme reactions or extra labeling reactions. 28 The far red TR-FRET detection avoids interfering fluorescence or light scattering from the reaction mixture. The homogenous assay was performed in 384-well plate with only 20 µL total volume in each reaction reducing the amount of SERCA required by three orders of magnitude. Under the optimized conditions, SERCA activity assays performed in both detergent (C 12 E 8 ) and reconstituted lipid (DOPC: DOPE, 4:1) preparations showed good reproducibility.
Experimental Methods

Materials and Chemicals
All chemicals were purchased from Sigma Aldrich (St. Jing -4.
SERCA Extraction and Purification
SERCA preparation was achieved following the protocol of Stokes and co-workers. 29 Briefly, an initial fractionation of the rabbit skeletal muscle tissue was carried out by homogenizing fresh muscle preparations followed by centrifugation to remove unwanted tissues. Subsequently, high speed centrifugation was used to remove excess cellular components, such as mitochondria, to isolate lipids and proteins of the sarcoplasmic reticulum (SR). 30 The sarcoplasmic reticulum Ca 2+ -ATPase (SERCA) accounts for approximately 50-80% of the total protein of the SR and was further purified using a sucrose gradient centrifugation step followed by affinity chromatography. 29, 31 In order to obtain functional SERCA from the SR preparation, the sample was treated with octaethylene glycol dodecylether (C12E8). 21, 25 After another centrifugation step, the solubilized SERCA was loaded onto a reactive-red affinity column which binds SERCA selectively. After several washing steps, SERCA was eluted from the column using ADP in the buffer. SERCA concentration was determined using a Lowry Assay (6).
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Instrument Settings
TR-FRET measurements were performed on a Synergy 
Optimizing the Assay Detection Mixture
Since SERCA activity assays are performed in reaction buffers containing detergents or lipids, assay detection components including ATP and ADP tracer were first titrated to identify the best working concentrations. For tracer titration, 20 µL mixtures composed of 4 nM antibody, 2 µM ADP or ATP, 10 mM EDTA, and a series of ADP tracer ranging from 0.001 nM to 1 µM were incubated in assay buffer 2 for 1 h before being loaded into a Corning 
ATPase Activity Measurements
For activity assays performed in C 12 E 8 , 5 µL aliquots of 8 µM ATP and varying concentrations of CaCl 2 were prepared in assay buffer 2. SERCA at twice the desired working concentration was also prepared in assay buffer 2.
Reactions were started by adding 5 µL of SERCA into 5 µL of ATP-CaCl 2 mixture, and quenched by adding 10 µL of 2× assay detection mixture containing excess EDTA. 
where V is the initial reaction rate, V max is the maximum initial reaction rate, n is the Hill coefficient, and pK Ca is the pCa value when the initial reaction rate is at half V max .
Results and Discussion
Assay Principle
The detection principle of the assay is shown in Figure 1 
Optimizing Tracer and Antibody Concentration to Set the Detection Window
In order to obtain the SERCA activity curve, it is necessary to perform SERCA reactions at different Ca 2+ concentrations, quench the reactions at the appropriate time, quantify the ADP produced, and finally obtain the initial reaction rates using a linear regression. To obtain initial reaction rates, it is necessary to quench reactions while substantial amounts of ATP still remain in the reaction mixture. Therefore it is necessary to ensure accurate ADP quantification in the presence of excess ATP. This selectivity requires optimization of the detection window to achieve large changes in the FRET signal even when ATP to ADP conversion is low.
Initially, tracer concentrations were set according to the linear relationship with starting ATP concentration as 
Standard Calibration Curve
After optimization of the assay detection mixture, the standard calibration curve was obtained for SERCA reactions starting with 4 µM ATP. concentrations with the optimized detection mixture that contained 4 nM antibody and 63 nM tracer. When ATP concentration was above 4 µM or below 1 µM, the maximum assay window was not optimum. In the range of 4 µM to 1 µM, the curves had the steepest slope and the assay window was optimized around 0.1 units of FRET signal.
The three curves obtained at 4 µM ATP and different concentrations of Ca 2+ overlapped with each other. These results lead us to conclude that the FRET signal only depends on the ATP to ADP conversion, and has no Jing -11.
dependence on the Ca 2+ concentration. This is important since Ca 2+ concentration is a key parameter that is often varied when studying SERCA function. 
SERCA Activity Assay
SERCA concentration was titrated to determine the lowest concentration that would provide a robust change in FRET signal in a reasonable reaction time. As shown in Figure 5 decrease at least ~80% of the maximum assay window within a reasonable reaction time. 5 nM SERCA was chosen to perform the activity assay in detergent since an ~80% decrease was observed for a 5 min reaction and a ~95% decrease was observed for a 18 min ( Figure 5 (A) ) reaction. The reaction proceeded more quickly in reconstituted lipids allowing the SERCA concentration to be reduced to 500 pM, with an ~80% decrease in signal observed after 5 min and a ~95% decrease after 20 min ( Figure 5 (C) ). Compared with the previously reported coupled enzyme assay, our method reduced the concentration of SERCA required to perform the assay by 5-fold in C 12 E 8 and 50-fold in reconstituted lipids. pK Ca values were comparable to those previously reported using PK assays. 25 It is important to note the low concentrations of SERCA (500 pM) and PLN (25 nM) used to generate the inhibition curves shown in Figure 5 (D). Clear inhibition is demonstrated in Figure 5 (D), suggesting a significant fraction of SERCA is bound by PLN even at these low concentrations. The low nM to pM concentrations of SERCA and PLN used in this assay offer a promising approach for estimating the affinity of these two binding membrane proteins, which has proven to be challenging using existing assays.
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Conclusions
In conclusion, we have developed a sensitive assay for SERCA activity using the Transcreener ® ADP 2 Assay TR-FRET Red kit. The optimized detection mixture contains 4 nM ADP antibody and 63 nM ADP tracer, allowing assays to be performed at 4 µM ATP with a maximum assay detection window. Our approach reduced the SERCA concentration required to perform the assay 5-fold in detergent preparations and 50-fold in reconstituted lipid preparations when compared to existing coupled enzyme assays. The sample volume was also decreased from 200 µL to 10 µL, yielding a 100-fold reduction in the mass of SERCA required to perform the assay in detergent preparations (C 12 E 8 ) and a 1000-fold reduction when performed in reconstituted lipids. Moreover, the observed SERCA K Ca values and pK Ca shifts in the presence of PLN proved to be very reproducible across multiple preparations performed on multiple days. Finally, the greatly improved sensitivity offers additional information on 
